Analysis and implementation of PM sampling methodology protocols to aid in the development of an ARP (Aerospace Recommended Practice) for aircraft non-volatile PM measurements by Catron, Brian Lowell
Scholars' Mine 
Masters Theses Student Theses and Dissertations 
Summer 2014 
Analysis and implementation of PM sampling methodology 
protocols to aid in the development of an ARP (Aerospace 
Recommended Practice) for aircraft non-volatile PM 
measurements 
Brian Lowell Catron 
Follow this and additional works at: https://scholarsmine.mst.edu/masters_theses 
 Part of the Aerospace Engineering Commons 
Department: 
Recommended Citation 
Catron, Brian Lowell, "Analysis and implementation of PM sampling methodology protocols to aid in the 
development of an ARP (Aerospace Recommended Practice) for aircraft non-volatile PM measurements" 
(2014). Masters Theses. 7298. 
https://scholarsmine.mst.edu/masters_theses/7298 
This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This 
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the 
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu. 
ANALYSIS AND IMPLEMENTATION OF PM SAMPLING METHODOLOGY
PROTOCOLS TO AID IN THE DEVELOPMENT OF AN ARP





Presented to the Faculty of the Graduate School of the
MISSOURI UNIVERSITY OF SCIENCE AND TECHNOLOGY
In Partial Fulfillment of the Requirements for the Degree
MASTER OF SCIENCE IN AEROSPACE ENGINEERING
2014
Approved by
Dr. Umit O. Koylu, Co-advisor
Dr. Philip D. Whitefield, Co-advisor




Due to the growing concerns that particulate matter (PM) have on health
and the environment, there is a need to include mass and number non-volatile PM
measurements to current jet engine certification. This thesis looks at the necessary
work required to help produce recommendations and perform background research to
aid in the creation of an improved Aerospace Recommended Practice (ARP) (by the
SAE E-31 Committee). This work addressed the following issues. The investigation
began in the Missouri S&T Center of Excellence for Aerospace Particulate Emissions
Reduction Research (COE) laboratory with an examination of the jet engine surro-
gate used, the miniCAST, as well as integrating it into the COE’s PM measurement
system. A clean PM sample line was aged by running a PM source through it until
a steady state signal was measured by the instruments in order to make a recom-
mended procedure for line conditioning as well as reconditioning. Several eductors
were studied for their performance characteristics and compared against desired char-
acteristics, which suggested a need to include a pressure relief valve to cap the sample
pressure at the eductor entrance. A volatile particle remover (VPR) was studied for
penetration and ability to remove volatile material. A prototype E-31 system was
setup at the second alternative aviation fuel experiment (AAFEX II), which provided
a direct comparison of probe tip dilution and downstream dilution and found com-
parable results when line loss was taken into account. Also performed at AAFEX II
was a study that compared measured sample line penetration with theoretical calcu-
lations finding that theoretical calculations were an accurate alternative of measuring
line loss. Two PM sampling systems were setup at an ARP demonstration and both
system had similar results for both number and mass measurement. An instrument
comparison was also performed that included an examination of condensation parti-
cle counter (CPC) cutoff size. It was also determined that a VPR was necessary to
ensure that number instrument devices were only measuring non-volatile PM.
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1. INTRODUCTION
Due to concerns of health and environmental impacts from particulate matter
(PM) emissions, there is a desire to have number and mass emissions reported for jet
engines along side gaseous emissions that are currently required for engine certifica-
tion in the aviation/aircraft industry. This thesis discusses the necessary work for a
ARP to be developed in order to measure number and mass emissions. This work
began by checking component performance and determining operating procedures.
A couple of trial systems were then tested on jet engines, the first being compared to
probe tip dilution and the second time consisting of two sampling system compared
to one another.
The thesis begins with a review in Section 2 of current engine certification
protocol. It then discusses briefly what is known on the health and environmental
impacts of particulate matter emissions along with their relevant parameters. The dis-
cussion then moves to the current methodology along with instrumentation used for
jet engine PM emissions measurement in a typical research setting. The last portion
of the review examines current engine certification of diesel engine emissions. Sec-
tion 3 discusses a conceptual PM emissions system merged with the current gaseous
measurement system. This concept system utilizes the current probe setup to greatly
reduce the cost of implementation.
The series of experiments begins in Section 4, with a series of experiments
conducted in the Missouri S&T Center of Excellence for Aerospace Particulate Emis-
sions Reduction Research laboratory. This section begins with a look at the jet engine
surragate used in the proceeding experiments conducted at Missouri S&T. The re-
maining experiments focus on component checks of sample line performance, eductor
selection and performance, and the use of a catalytic stripper to remove volatile PM
2emissions. Section 5 examines a prototype E-31 PM sampling setup using a jet en-
gine as the source performed at AAFEX II. This section focuses on a probe tip vs.
downstream dilution study as well as a comparison of measured and theoretical line
loss. The final section of the experiment series, Section 6, looks at the results of two
different E-31 setups at SR Technics in Zurich, Switzerland, and their agreements
with each other. It also looks at an instrument comparison, examining the agree-
ment of several types of mass and number instrument likely to be used in an E-31
deployment.
32. LITERATURE REVIEW
This section examines the current state of research relevant to PM measure-
ment methodology and impact of PM emissions on health effects and environmental
issues. Current aircraft engine certification protocol for gaseous pollutants emissions
and smoke number, exhaust plum visibility, are discussed first. Next, the impact of
PM on local environment and human health will be discussed along with how smoke
number fails to provide any meaningful insight to how aircraft smoke emissions affect
these delicate issues. This leads into discussion of a new protocol for measure of mass,
number, size, and composition of aircraft PM emissions. The last section examines
current diesel engine PM measurement techniques, a comparison of diesel and aircraft
PM emissions, and how some of some of these techniques could be used for aircraft
PM emissions in terms developing the sampling and measurement protocols.
2.1. ICAO AIRCRAFT ENGINE EMISSIONS CERTIFICATION
Aircraft engines, both for subsonic and supersonic propulsion, are certified
based on a variety of criteria including but not limited to noise and emissions. The
International Civil Aviation Organization defines the international standards and
recommends practices for emissions certification in Annex 16 To The Convention
On International Civil Aviation - Volume II [1]. Annex 16 sets regulatory limits for
PM emissions (covered in Annex 16 as smoke) and gaseous emissions. Both smoke
and gaseous emissions measurements can be performed simultaneously provided it is
shown to be valid when compared to sequential measurements. Engines are certi-
fied for emissions at levels corresponding to the landing take-off (LTO) cycle, which
approximates engine power conditions typical at an airport from aircraft landing
through subsequent take-off. This LTO cycle gives an idea of local impact by aircraft
4operations. For subsonic propulsion the LTO cycle consists of four operation modes:
take-off (100% of F00 for 0.7 minutes), climb (85% of F00 for 2.2 minutes), approach
(30% of F00 for 4.0 minutes), and taxi/ground idle (7% of F00 for 26.0 minutes), where
F00 is the rated power output.
2.1.1. Gaseous Emissions. Annex 16 [1] regulates the gaseous emissions
of unburned hydrocarbons (UHC), carbon monoxide (CO), and oxides of nitrogen
(NOX). These emissions levels are based on whether the engine is intended for
subsonic or supersonic propulsion, date of manufacture (only used for NOX), engine
pressure ratio, and maximum rated thrust. Although not regulated, carbon dioxide
(CO2) is also measured for the purposes of performing a carbon balance check. The
regulated emissions levels of NOX as shown in Figure 2.1, were originally set by
ICAO in 1986 and have subsequently been lowered by ICAO Committee on Aviation
Environmental Protection (CAEP) as part of CAEP/2, CAEP/4, CAEP/6 in 1991,
1998, and 2004, respectively. The emission level of NOX will be further lowered in
2014 as part of CAEP/8.
The gaseous emissions sampling and measurement system is shown in Fig-
ure 2.2. The probe assembly must have at least 80% of the pressure drop occur at
the orifices with a minimum of 12 sampling points within half a nozzle diameter of
the exhaust plane. The sample line must have a transient time less than 10 seconds
and be maintained at a temperature of 160◦C [1].
2.1.2. Smoke Emissions. Aircraft smoke emissions are represented by a
parameter called smoke number (SN) as defined in SAE ARP1179 [2]. Smoke number
is a means to quantify plume visibility and provides a regulatory standard to reduce
plume visibility. Engine characteristic smoke numbers [3] have decreased over time as
shown in Figure 2.3. While a 40% reduction in characteristic smoke number is shown,
the uncertainty in the smoke number measurement method is reported as ±3 [2],
resulting in no statistically meaningful reduction in characteristic smoke number.





































Figure 2.1: Various limits of characteristics NOX emissions for engines with a rated
output greater than 89 kN or 20000 lbs. and in production engine data.
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FURTHER  NOTE S  AND  DE TA IL  IN  TEXT
Figure 2.2: Schematic of gaseous emissions sampling and analysis system [1].































Out Of Production Engines
Overall SN Trend
Figure 2.3: Engine characteristic smoke number by engine test date.
Smoke number is a function of the filter reflectance before and after exposure
to 16.2 kg of exhaust gas per square meter of filter. A minimum of three readings are
made at 16.2 kg/m2 or a least squares straight line of at least three readings between
12 and 21 kg/m2 evaluated at 16.2 kg/m2 [1]. The smoke number at a single filter
loading, SN’, is given in Eq. 2.1,






where RS is the absolute reflectance of the sample spot and RW is the absolute
reflectance of the clean filter.
Once the smoke number is determined for each of the modes of operation, a
characteristic smoke number is given in Eq. 2.2
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around the volume meter may be installed to facilitate meter
reading. The major elements of the system shall meet the
following requirements:
a) sample size measurement: a wet or dry positive
displacement volume meter shall be used to measure
sample volume to an accuracy of ±2 per cent. The
pressure and temperature at entry to this meter shall also
be measured to accuracies of 0.2 per cent and ±2°C
respectively;
b) sample flow rate measurement: the sample flow rate
shall be maintained at a value of 14 ±0.5 L/min and the
flowmeter for this purpose shall be able to make this
measurement with an accuracy of ±5 per cent;
c) filter and holder: the filter holder shall be constructed in
corrosion-resistant material and shall have the flow
channel configuration shown in Figure 2-1. The filter
material shall be Whatman type No. 4, or any equivalent
approved by the certificating authority;
d) valves: four valve elements shall be provided as
indicated in Figure 2-1:
1) valve A shall be a quick-acting, full-flow, flow
diverter enabling the incoming sample to be directed
through the measuring filter or around the bypass
circuits or shut off;
Note.— Valve A may, if necessary, consist of
two valves interlocked to give the requisite
function.
2) valves B and C shall be throttling valves used to
establish the system flow rate;
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Figure 2.4: Schematic of smoke emissions sampling and analysis system [1].
where i is the number of engines tested. If the number of engines tested is less than
three, the maximum smoke number is weighted more severely such that denominator
equals 0.7769 for one engine or 0.8527 for two engines. This characteristic smoke
number is compared to the regulatory limit for smoke number, which is defined by
Eq. 2.3
Regulatory Smoke Number = 83.6 (F00)
−0.274 (2.3)
or a value of 50, whichever is lower. The smoke emissions measurement system, shown
in Figure 2.4, utilizes the same sample probe and sample line specifications with an
added caveat that any bends need to be at least 10 times the internal diameter of
the line in order to reduce particle loss. This allows for simultaneous gas and smoke
measurements.
82.2. IMPACT OF PARTICULATE MATTER
Several studies have examined aircraft emissions impact on local communities
downwind of airports. A study at Los Angeles International Airport (LAX) [4] found
substantially higher average counts of ultra fine particles (UFP) of approximately
50,000 particles/cm3, 500 m downwind of the airport compared to the upwind side
ranging from 580 to 3800 particles/cm3. Peaks in ultra fine particle counts were
observed, corresponding to aircraft take-offs and landings, reaching a maximum of
4.8 × 106 particles/cm3 downwind of aircraft take-offs. This study also found that
black carbon (BC), NOX , and particle-bound polycyclic aromatic hydrocarbon (PB-
PAH) were slightly elevated at the same site. Upwind of LAX, the particle size dis-
tribution had a mode around 90 nm, while downwind the primary mode was around
10-15 nm. Another study [5], also at LAX, found rapid fluctuations in particle counts
ranging from 18,000 to 600,000 particles/cm3 at sites a half mile from the runway
corresponding with aircraft landings. This study also examined particle counts ad-
jacent to the I-710 freeway with counts ranging from 5,000 to 100,000 particles/cm3.
Aircraft number emissions have a greater impact downwind than highway traffic. A
study at a general aviation airport [6] found 60 second average concentrations from
jet departures resulted in UFP of 2.2 × 106 particles/cm3, PB-PAH of 440 ng/m3,
and BC of 30 µg/m3 at 100 m downwind of the runway and up from background
readings by a factor of 440, 90, and 100 respectively. The primary mode for the size
distribution was around 11 nm, half of the 22 nm from heavy diesel plumes. Aircraft
PM emissions typically produce sizes smaller than 400 nm [7].
2.2.1. Health Impact. Several epidemiological and toxicological studies have
shown links between health effects and airborne PM. Short-term exposure to airborne
PM can aggravate existing pulmonary and cardiovascular conditions, while long-
term exposure can lead to cardiovascular disease and death [8]. Significant levels of





































Figure 2.5: ICRP lung deposition model for the alveolar region along with a typical
downstream aircraft exhaust plume.
toxins are brought into the body by ultrafine particles and promote inflammatory
responses [9]. The International Commission on Radiological Protection (ICRP) de-
veloped a model for determining particle deposition in the human respiratory tract
commonly referred as ICRP 66 [10]. Many ultrafine particles deposit deep in the
respiratory tract, as shown in Figure 2.5. The figure shows an averaged version [11]
of the ICRP 66 lung deposition model of aerosols in specifically the alveolar region,
where oxygen enters the blood. Also shown is a bimodal fit to a representative size
distribution [6] downstream of the Santa Monica Airport in dense residentially neigh-
borhoods. A majority of the particles show a greater than 30% deposition rate in the
alveolar region. Ultrafine particles can rapidly pass into the blood and tend to collect
in the liver and bladder after leaving the lungs [12]. Particle number concentrations,
especially in the ultrafine range, appear to be a main index of toxicity [13]. These
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ultrafine particles become increasing reactive and toxic due to their large surface area
to volume ratio when compared to more coarse particles.
2.2.2. Environmental Impact. Particulate matter emissions impact the
environment on two levels. The first is the local impact on visibility by build-up
of suspended particles [14]. In Austria, particles were determined to be the cause of
90% of light scattering in rural areas and 99% in urban areas [15]. Gaseous pollutants
account for a relatively small amount of light scattering [16]. Most of the research into
particle impact on visibility has been in correlating mass concentrations to reduction
in visibility [13]. The second is on the global environment impact. Soot particles have
a radiative forcing of +0.34 W/m2, putting them as a major contributor to global
warming [17]. If soot particles are covered in sulphate or organic compounds, which
is common, their radiative forcing increases to +0.6 W/m2 [18].
2.2.3. Inadequacies of Smoke Number. Smoke number provides only a
relative measure of smoke intensity and does not have a basis in fundamental particle
characteristics. It was developed to provide a measure and regulatory means for re-
ducing exhaust plume visibility, essentially making them invisible [2]. With increased
concern of health and environmental effects, particle mass, number, size, and com-
position become more relevant. Smoke number is unable to differentiate technology
improvements as shown in Figure 2.6, while other techniques have been shown to
differentiate between different engine types of the same family of engines [19].
While steps are taken to ensure constant filter loading, the smoke number can
be inherently lowered by playing with the filter diameter. Annex 16 calls for 14 ±
0.5 lpm of exhaust gas through the filter and when the filter diameter is changed, the
speed at which the gas flows through the filter is also changed. The speed of the gas
has a large effect on the filter efficiency, as shown in Figure 2.7. These calculations
were made with Aerosol Calculator [20] at conditions that would be present when
performing simultaneous gas and PM measurements.
11



























   CFM56−3
CFM56−5A 
   CFM56−5B
CFM56−5C CFM56−7 
Figure 2.6: CFM56 engine families by engine family certification date.
2.3. RELEVANT PARAMETERS
From the previous section, particle mass, number, size, and composition are
the most relevant parameters for defining regulatory limits. Chemical composition
has significant effect on both health and environmental effects. In order to make an
assessment of aircraft emissions impact at an airport without performing additional
measurements, the First Order Approximation (FOA) was developed to correlate
mass emissions with smoke number [21] from several tests [22, 23, 24] and ICAO data
and shown in Eq. 2.4,
CI = 0.1573 · SN1.8004 (2.4)
where CI is the concentration index (mg/m3). The FOA has been improved, resulting
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  19 mm
37.5 mm
Figure 2.7: Aerosol Calculator [20] analysis of the filter efficiency of the Whatman
No. 4 filter under typical conditions for an ICAO smoke measurement
system for the minimum and maximum filter diameters.
Eqs. 2.5 - 2.8.
CI = 0.0694 · SN1.23357 (for SN ≤ 30) (2.5)
CI = 0.0297 · SN2 − 1.802 · SN + 31.94 (for SN > 30) (2.6)
Q = [0.776 · AFR + 0.733] (1 + β) (2.7)
EInon−vol = Q · CI (2.8)
Where Q is the core exhaust volume (m−3), AFR is the model air-to-fuel ratio, β is
the bypass ratio, and EInon−vol is the Emission Index of non-volatile PM (mg/kgfuel).
The FOA3.0a is designed to determine local air quality and the impact that aircraft
have on it and includes EI calculations for volatile components as well. While the
FOA allows aircraft emissions impact modeling, it does this only on a mass basis.
Composition of PM emissions is partially captured with FOA3.0a but still does not
13
SAE AIR6037 Page 68 of 84 
 
To overcome these problems, AEDC modified the design to allow higher dilution ratios and provide independent control of 
the dilution gas for each probe. Dilution lines were added directly to each probe, rather than fed to all probes 
simultaneously, through the dilution supply channel in the rake. The new design, shown conceptually in Figure C3, 
increased the dilution gas injection area and elongated the narrow entrance path for sample gas. The new design allows 
the dilution ratio to be varied up to 20:1 without forcing dilution gas out of the probe tip. With more accurate control of the 
injected diluent and discharge flows, the dilution and sample gas streams mix with less turbulence and at nearly constant 
pressure. The Missouri University of Science and Technology (formerly the University of Missouri-Rolla) reported 
excellent agreement in the dilution ratio determined from dilution pressure and flow rate settings and the dilution ratio 
computed from measurements of CO2 in diluted and non-diluted sampled exhaust. 
 
FIGURE C3- CURRENT PARTICLE SAMPLING PROBE CONCEPT 
C.3.2 General Probe and Sampling System Design Considerations 
It is desirable to keep the sampling system similar to the current ICAO Annex 16 (Ref. C.2.2.4) specifications for gaseous 
species measurements to greatly simplify the measurement methodology and thus significantly reduce the cost to the 
engine manufacturers. The most notable deviations are the researchers’ use of active cooling to the probe, addition of a 
dilution gas to the sample stream, addition of the dilution gas within the sampling probe near the tip, and unheated 
sample lines. More research is recommended to quantify minimum particle sampling deviation requirements from the 
current ICAO Annex 16 specification. 
Particle sampling probes must be designed to preserve the integrity of the sample. This requires minimizing or eliminating 
the loss or gain of particles in the sample stream due to thermophoresis, wall impaction, and other phenomena. The 
following sections discuss potential sampling effects. 
C.3.2.1 Isokinetic Sampling 
Isokinetic sampling is obtained when the velocity into the probe tip is equal to the exhaust free-stream velocity and is 
generally preferred when sampling a particle laden flow. If the velocity just inside the probe tip is less than the exhaust 
free-stream velocity (sub-isokinetic), the sample can be biased to large particles. If the velocity inside the probe tip is 
greater (super-isokinetic), the sample can be biased to small particles. Researchers agree that the submicron size 
particles of interest tend to follow streamlines in either case and strictly isokinetic sampling is not considered necessary 
(Ref. C.2.2.2). 
C.3.2.2 Diffusion Loss  
Diffusion of aerosol particles is the net transport of particles in a concentration gradient. Particles adhere to the sample 
line wall when they collide and the reduced particle concentration along the wall surface creates a concentration gradient. 
This concentration gradient causes a diffusion of the particles to the wall and accounts for the major loss of particles in 
the sample line transport process. Small particles diffuse more rapidly and are thus more greatly affected. Since the loss 
of submicron particles is due mainly to diffusion to the wall, sample lines should be as short as possible and sample flow 
rates relatively high to minimize residence times. 
Figure 2.8: Current PM probe concept [26].
provide insight to particle number and size, which is important for assessing health
and environmental impacts.
2.4. PARTICULATE MATTER SAMPLING METHODOLOGY
The SAE E-31 committee has developed sampling and measurement tech-
niques for non-volatile PM emission in the Aerospace Information Report
(AIR6037) [26], which provides descriptions of techniques for determining mass, par-
ti le size, and number measurements. There are two groups in which PM emit ed
from gas turbine engines are classified, non-vola ile and volatile. Non-v latile PM
is primarily carbonaceous matter from the combustion process, while other non-
volatile particles including atmospheric particles ingested by the engine and metals
may also be present. Volatile PM is composed of org nics and sulfur compounds
th t forms as the exhaust cools [27]. The temper ture thre hold for vo atil PM is
defined as 350◦C, that being, all PM present above this temperature is by definition
non-volatile. The preferred method of sample collection is via probe extraction with
probe-tip dilution, schematic shown in Figure 2.8. Sample dilution lowers the particle
concentration to a level at which the instruments can operate while also preventing
gas-to-particle conversion (formation of volatile PM or water condensation), reducing
particle-to-particle interactions, and reducing particle diffusion losses. An undiluted
probe could be used for PM sampling if dilution is added within a few meters. The
dilution ratio can be determined two ways, (1) from the sample and dilution flow
14












Here QS, QD, and QT are the sample, dilution, and total volumetric flow rates, and
CO2UNDIL and CO2DIL are the undiluted and diluted measure of CO2 concentration.
The sample line is at ambient temperature and has a large diameter in order to reduce
particle diffusion loss.
2.4.1. Particulate Matter Mass Detection. Several instrument technolo-
gies have been developed for real-time mass measurement. Non-volatile PM emissions
is made up of elemental carbon and organic carbon. At take-off conditions the non-
volatile PM is nearly 100% elemental carbon, while at idle conditions the PM is
approximately 10% elemental carbon and 90% organic carbon [28]. Traditionally
PM has been measured on a mass basis by performing gravimetric analysis, weigh-
ing a filter before and after PM deposited on the filter. The gravimetric process
requires careful filter handling and the measurement of measure total (volatile and
non-volatile) PM mass with a repeatability of ≤0.25 µg [26]. By baking the fil-
ter and measuring carbon-dioxide outgassing, the total mass can be broken down
into constituent parts. Multi-Angle Absorption Photometry (MAAP) [29] measures
elemental carbon mass concentration based on light absorption and scattering. Ele-
mental carbon primarily absorbs light, while organic carbon and volatile components
typically scatter light. Laser-Induced Incandescence (LII) [30] measures black carbon
mass concentration based on emitted light of particles after heating them between
2500 to 4500 K. This technique evaporates volatile matter that has formed on the
outside of the non-volatile PM. PhotoAcoustic Soot Sensing (PASS) [31] periodically
heats black carbon with a laser. This heating and cooling of soot produces pressure
fluctuations, which are picked up by a microphone.
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2.4.2. Particulate Matter Number Detection. Particle number counts
are usually done with a Condensation Nucleus Counter (CNC) [32] measuring number
of particles per volume. These devises are often referred to as Condensation Particle
Counters (CPC). CPCs count particle by coating the outside of the particle with the
working fluid, typically butanol, and increase the size of the particle to a sufficient
size for optical detection. Different model CPCs have different size cut-offs, minimum
size particle capable of detection. This detection limit allows counter to exclude
particles in the nucleation mode. To count non-volatile PM below the limit for the
accumulation mode, a Volatile Particle Remover (VPR) needs to be used if volatile
PM condensation occurs.
2.4.3. Particulate Matter Size Detection. Knowledge of the PM size
distribution, concentrations at various sizes, is necessary for assessing health impacts.
Several types of instrumentation have been developed for determining the PM size
distribution. A Scanning Mobility Particle Sizer (SMPS) [33] is comprised of two main
components, (1) a Differential Mobility Analyzer (DMA) and (2) a particle counter.
The DMA subjects particles to electrostatic forces, sorting particles out by size so
that the particle counter gets one size to determine for a given electrostatic force.
The size distribution is determined by varying the electrostatic force and counting
the number of particle at each force value. Another devise is often added in front of
the DMA in order to cause the particle to have a known charge distribution, resulting
in a more accurate sample. A Rapid Mobility Particle Sizer (RMPS) [34] functions
similar to the SMPS but uses a constant electrical field and cascaded electrometers
to simultaneously count the particles at a variety of sizes. Both the SMPS and
RMPS measure mobility diameter, Dm, which is equal to the geometric diameter,
Dg, because non-volatile aircraft engine PM is essentially spherical [35].
2.4.4. Particulate Matter Light Impairment Detection. Local envi-
ronmental impact by PM emissions generally focuses on visibility impairment.
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Several instruments have been developed for measuring an aerosols impact on visi-
bility. Particle Soot Absorption Photometer (PSAP) [36] measures a change in op-
tical transmittance of a filter as PM is deposited. Cavity Attenuated Phase Shift
(CAPS) [37] measures light extinction (light scattering and absorption) as a sample
passes through an optical cavity.
2.4.5. Particulate Matter Chemical Composition Detection. Chem-
ical composition plays an important roll in both health and environmental impact
and knowing the chemical composition would allow for increased ability to assess
PM potential detrimental impact. The Aerosol Mass Spectrometer (AMS) [38] was
developed for this purpose. It detects aerodynamic particle size by measuring the
time-of-flight of a particle in a vacuum. Chemical composition is determined by
performing mass spectrometry on ionized vapors of the volatile and semi-volatile
particles.
2.5. DIESEL PARTICULATE EMISSIONS MEASUREMENT
Diesel engines currently have a standard in place for both mass and number
measurement of PM emissions and this standard can assist in developing aircraft
PM emissions standard, as aircraft engine PM have similar characteristics to diesel
engines [26]. European PM measurement and regulation began under the Particle
Measurement Programme (PMP) [39]. European emission limits for gas and par-
ticles along with measurement standards are contained in Regulation No.83 of the
United Nations Economic Commission for Europe [40]. Part 1065 of Title 40 of the
United States Code of Federal Regulations [41] contains corresponding emission lim-
its and measurement standards. Both U.S. and European regulations have similar
measurement standards.
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Figure 2.9: Internal combustion engines exhaust measurement system schematic from
U.S. Code of Regulations [41].
The measurement system, shown in Figure 2.9 as depicted in the U.S. Code
of Regulations, vents the exhaust gas into a Constant Volume Sampler (CVS) tun-
nel. The CVS tunnel dilutes the exhaust gas with a known dilution ratio of clean
air. After the exhaust gas is well mixed with the dilution air, sample is taken off for
gaseous and PM measurement. Typically, the PM sample is diluted a second time
before analysis where it can be measured by gravimetric analysis or in-situ analyzers.
Particle number counts are performed with mass analysis, although a size cut-off at
23 nm is required to exclude volatile PM in the nucleation mode [42]. This nucle-
ation mode prevents accurate measurements of particle number and size with dilution
tunnel measurements while tailpipe measurements do not exhibit these issues [43].
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3. CONCEPT PARTICULATE MATTER MEASUREMENT SYSTEM
The concept system is designed for simulations gaseous and PM sampling and
measurement. The design should meet the required design considerations as discussed
in the Section 3.1. The concept system is described in detail in Section 3.2.
3.1. DESIGN CONSIDERATIONS
In the development of a PM measurement system, many considerations need
to be taken into account. The most important is the accurate measurement of PM
mass and number without jeopardizing gaseous emissions measurement. For accurate
measurement of PM, sample dilution and line loss considerations need to be taken into
account. The system should not alter the sample between probe tip and instruments.
3.1.1. Sample Dilution. There are several reasons for dilution of the PM
sample, including instrumentation range, volatile PM formation, and others. Number
instruments have a fairly limited range which raw engine exhaust greatly surpasses.
CPCs typically have two ranges for particle counting, single particle counting up to
105 #/cc and a photometric mode up to 107, while raw engine exhaust can get up
to concentration of 108. Typical CPCs have an accuracy of ±10% for single particle
counting and ±20% for photometric mode. The method of diluting the sample for PM
measurements should be prevented from back purging the sample line and introducing
diluent into the gaseous measurement lines.
3.1.2. Particle Line Loss Considerations. The primary means of particle
loss in the sample transfer line is due to diffusion loss [26], which is initially caused
by particle impaction and adhesion to the transfer line wall. This causes a concen-
tration gradient with low concentration near the wall, resulting in particles to diffuse
to the wall. Another important means of particle loss is thermophoresis, where any
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temperature gradient tends to cause particles to move to a region of lower temper-
ature. Inertial impaction is the result of a particles inertia causing it to not follow
gas streamlines in a bend. A charged particle can be attracted to the wall through
electrostatic deposition. Particle coagulation occurs when multiple particles collide
and adhere to each other, reducing the number concentration and altering the size
distribution. Gravitational settling can effect particles but this, at the sizes present
in gas turbine engine exhaust, is negligible.
Most of the means of particle loss can be significantly reduced. Diffusion loss
mostly affects small particles, causing number concentration to drop significantly,
and can be reduced by minimizing the sample residence time by using short transfer
line and high flow rates. Thermophoresis can be reduced by lowering the sample
temperature quickly through dilution and then maintaining a constant transfer line
temperature. Inertial impaction affects large particles and can be reduced by using
mostly straight sections and large radius bends (at least greater than 10 times the
tubing diameter). The use of non-isolated electrically conductive lines can almost
completely mitigate electrostatic deposition. The use of sample dilution lowers par-
ticle concentration and greatly reduces the chances of particle coagulation[11]. All
of these methods of particle loss can be modeled using Aerosol Calculator[20]. The-
oretical model calculations have been shown to produce similar results to line loss
measurements using either diesel exhaust or NaCl particles [26].
3.1.3. Engine Manufacturer’s Requirements. Annex 16 currently re-
quires gaseous sampling and thus the engine manufactures have sampling systems set
up for gaseous measurements. It is preferred by engine manufactures to avoid costly
retooling of their test facilities by introducing probe tip dilution PM sampling to
their set up. Probe tip dilution can also prevent simultaneous gaseous and PM mea-
surement and could double the amount of time needed for engine testing. In order
to allow for simultaneous sampling and avoid building a new sample probe assembly,
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Figure 3.1: Concept system for simultaneous measurement of particulate matter and
gaseous emissions.
downstream dilution is a requirement. The diluter should extract about 2 lpm of
sample flow from the gaseous line as well as pose minimal risk of introducing diluent
into the gaseous sample line.
3.2. CONCEPT SYSTEM
The concept system shown in Figure 3.1. The first section, from the probe tip
to the main splitter (shown just above the eductor), is a portion of the Annex 16 line,
where the main splitter is essentially a drop in component in the gaseous transfer
line. The second section, from the main splitter to the eductor, carries just the PM
sample the short distance to the eductor. The third section, from the eductor to the
cyclone, is the main PM transfer line and brings the sample into the instrumentation
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room. The forth section, from the cyclone to the instruments, splits the PM sample
and brings it to each instrument.
3.2.1. Probe Tip To Main Splitter. The concept system is designed to
be identical to an Annex 16 system up through the main splitter. This is to minimize
the retooling costs by the engine manufacturers. The transfer line between the probe
assembly and the main splitter should be as short as possible. The main splitter
divides the sample into three segments. The first segment goes to a pressure regu-
lating valve, such that when the engine is at idle (lowest exhaust pressure) the valve
is fully closed. When the exhaust pressure goes up with higher power settings, the
valve opens in order to maintain the same pressure that was at idle. Another segment
goes to the gaseous analysis systems as required by Annex 16. The last segment is a
straight through leading to the PM sample system. The main splitter is just a drop
in on the Annex 16 gaseous transfer line, such that the gaseous analysis system from
probe tip to analyzers should still meet all requirements of Annex 16. As required by
Annex 16, the sample in this section should be maintained at 160◦C except for the
distance required for the sample to cool from exit plane temperatures. As portions
of this section will be at exhaust plane temperatures, the line should be constructed
of stainless steel.
3.2.2. Main Splitter To Eductor. The straight through on the main split-
ter is for the PM sample which leads to the eductor. The line from the main splitter
to the eductor should also be as short as possible. The sample should remain at
160◦C until it reaches the eductor, and the transfer line between the main splitter
and the eductor should also be made of stainless steel.
3.2.3. Eductor To Cyclone. The transfer line from the eductor to the cy-
clone will likely be the longest and runs the sample into the instrumentation room.
This transfer line should be constructed similar to the smoke analysis line in Annex
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16, built of a electrically conductive material, i.e. stainless steel, copper, or carbon-
loaded grounded polytetrafluoroethylene (PTFE).
3.2.4. Cyclone To Instrumentation. The primary purpose of the cyclone
is to remove particles larger than ∼2.5 µm. As combustion PM emissions does not
exist at this level or above, metal from erosion and engine wear could exist at this level
and should be removed while allowing the sample to continue on to the instruments.
The transfer line between the cyclone and instrumentation should be short and free
of sharp bends. It should be constructed in a manner similar to other parts of the
overall transfer line.
3.2.5. Instrumentation. The instrumentation suite contains a mass and
a number instrument along with a volatile particle remover (VPR) in front of the
number instrument and a CO2 analyzer for determining the dilution ratio. Mass in-
struments should be capable of measuring a diluted sample between 0 and 50 mg/m3.
Number instruments should measure between 0 and 5x104 particles/cm3, additional
dilution at the device may be necessary to bring the concentration to an acceptable
level. The CO2 detecter should be have a range of 0 to 2x10
5 ppm.
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4. MISSOURI S&T IN-HOUSE EXPERIMENTS
Missouri S&T Center of Excellence for Aerospace Particulate Emissions Re-
duction Research (COE) performed a series of in-house experiments during the de-
velopment of the E-31 ARP for PM measurement. The experiments primarily used
a miniCAST model 6203 Type C as a jet engine surrogate PM source. Some early
experiments used COE’s diesel generator as the PM source.
4.1. EXPERIMENT SUMMARY
The basic experiment setup is shown in Figure 4.1. The system begins with
the PM source, miniCAST, which exhausts into the heat treatment plenum which is
heated to further emphasize the jet engine exhaust simulation. The heat treatment
plenum has 2 probe ports which can be filled with any combination of reference probes
(probe tip dilution) and OEM probes (gaseous probes). There is also an exhaust at
the far back end of the plenum pulling flow past the probes. There are 2 sample lines
running from the probes into the sampling system.
At the entrance of the sampling system, there is a group of valves to select a
probe to sample from and dump the other. The sampling system contains 2 Cambus-
tion DMS 500s, one which has a thermal discriminator in front of it, a Sable Systems
CA-2A, a TSI 3071 DMA, and a TSI 3775 CPC.
Sections 4.2-4.5 deal with checking the aircraft engine surrogate used over the
course of the in-house experiments. The experiments started with verifying the source
with the stability and reproducibility experiment. The first group of experiments after
the source verification involved checking the setup from source output to sampling
lines. The first experiment of the group was to verify that the source is decoupled
from the sampling system such that any change in the sampling system does not alter
24
Figure 4.1: Basic setup of the Missouri S&T in-house experiments.
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the behavior of the source. Next was plenum spatial uniformity experiment to check
that both probes see the same sample. The next experiment was to check how the
elemental and organic carbon varied with dilution and size.
The next two sections, Sections 4.6 and 4.7, look at the PM sample line. A line
conditioning study was performed in order to determine a procedure for breaking in
a new line. After the line conditioning was performed, measurements were made with
the PM line at various temperatures to determine if line temperature had a significant
effect on sample integrity. Section 4.8 examines diluter placement from immediately
behind the probe to 6 m down the sample line. The last two sections examine various
components in the sample line beginning with investigating the performance of several
commercially available eductors and finally checking the performance of a catalytic
stripper for removing volatile PM from the sample.
4.2. MINICAST STABILITY ANDREPRODUCIBILITY EXPERIMENT
The reliability of the source, both in terms of sample stability and repro-
ducibility, was determined to ensure confidence for all experiments to follow. The
miniCAST was used to produce two different PM size distributions with geometric
mean diameters (GMD) of approximately 15 and 30 nm. For each miniCAST setting,
three series were conducted, alternating between the 15 and 30 nm setting, with data
acquisition periods lasting between 9 and 17 minutes. Size distributions were mea-
sured with a Cambustion DMS 500 while PM number concentration was measured
with a TSI 3775. The miniCAST was shutdown several times throughout the tests.
The system configuration for this experiment, shown in Figure 4.2, is different
than the standard one shown in Figure 4.1. The miniCAST exhausted into a short
transfer line where a small amount (∼2 L/min) was extracted for undiluted CO2
measurement and excess exhaust gases were expelled from the system or filtered
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Figure 4.2: Setup of miniCAST stability and reproducibility experiment.
room air was sucked in if not enough sample flow was present. The transfer line
brought the sample to the heat treatment plenum (operating at room temperature)
before being sucked into PM probe operating at 10:1 dilution ratio. The second
probe in the plenum was blocked off. A second transfer line brought the diluted
sample to the instrumentation suite, consisting of a Cambustion DMS 500 and a TSI
3775.
The average PM distributions measured and shown in Figure 4.3 are fairly
stable over the sizes shown with a maximum standard deviation of 0.044 and 1.140 nm
for the 15 and 30 nm size distributions, respectively. The sizes not shown were down
in the noise of the DMS and had standard deviations greatly exceeding their average
values. For each of the series, the GMD was recorded on a second by second basis
with the average value and standard deviation presented in Table 4.1. The overall
average and standard deviation are also shown. The miniCAST consistently produced
the same size particles with little variance, especially at the 15 nm GMD size. The
overall geometric standard deviation (GSD), width of the log-normal distribution fit,
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Figure 4.3: Size distributions of miniCAST at geometric mean diameters of 15 and
30 nm.
Table 4.1: miniCAST size reproducibility. Values reported are the GMD and stan-
dard deviation of the GMD.
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Figure 4.4: miniCAST stability as a function of elapse time.
The total particle counts (TCN) by the TSI 3775 for the 15 and 30 nm GMD
as a function of series elapse time is shown in Figure 4.4 and Table 4.2. The 30 nm
GMD TCN data fit in a much narrower band than the 15 nm. The overall uncertainty
in the TCN produced by the miniCAST was ∼7%, with GMD uncertainty less than
2%.
Table 4.2: Total particle count stability.
Series
15 nm 30 nm
avg stdev avg stdev
1 4.319E+04 2.089E+03 2.195E+04 1.034E+03
2 4.536E+04 1.892E+03 1.943E+04 9.668E+02
3 4.006E+04 1.970E+03 1.988E+04 1.013E+03
Overall 4.357E+04 2.777E+03 2.031E+04 1.458E+03
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Figure 4.5: New setup to decouple the source from sampling system.
4.3. DECOUPLING VERIFICATION EXPERIMENT
During the initial experiments, it was noticed that source varied slightly with
sampling volume. This was primarily due to allowing the system to intake room
air through a filter and varying reference probe dilution, causing the miniCAST
output to be at different pressures depending on the sampling volume. The new
setup, shown in Figure 4.5, used a mass flow controller to dilute the raw miniCAST
output. Additionally, some the the pre-diluted sample was bled off and monitored
with flowmeter.
To verify the source was decoupled, the miniCAST was set to produce a size
distribution with a GMD of 40 nm. The flow rates through reference probe 1, refer-
ence probe 2, and the excess flow rate were varied, and neither reference probe used
probe tip dilution. Size distributions were measured using a TSI 3071 DMA, number
concentrations with a TSI 3775 CPC, and CO2 concentration with a Sable Systems
CA-2A with data being acquired over a 5 minute time span. Settings and results
are presented in Table 4.3. Series 1-3 showed 0.29% variation in CO2 concentration
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Table 4.3: Decoupling verification summary.
Series
Sample Qref1 Qref2 Qexcess CO2 (ppm) TCN (#/cc)
Probe (lpm) (lpm) (lpm) avg stdev avg stdev
1 1 4.5 1 7 4650 9.1 5.58E+06 5.50E+05
2 1 4.5 3 5 4677 9.9 5.28E+06 4.18E+05
3 1 4.5 5 3 4664 8.4 5.30E+06 4.33E+05
4 2 1 4.5 12.5 4543 8.0 6.65E+06 4.98E+05
5 2 3 4.5 10.5 4649 9.9 6.78E+06 3.95E+05
6 2 5 4.5 8.5 4754 9.5 6.85E+06 4.86E+05
and 3.10% variation in TCN, while series 4-6 had 2.27% and 1.49% variation in CO2
concentration and TCN. Series 4-6 were measured several days after series 1-3, so
the difference in TCN from one group to the next was small. The overall average
TCN of 6.07x106 particles/cm3 encompasses all data points when the instruments
±20% accuracy is taken into account. The size distributions, shown in Figure 4.6,
show little variation within each group. Series 1-3 had an average GMD of 39.6
±0.6 nm with a GSD of 1.68 while series 4-6 had an average GMD of 38.8 ±0.5 nm
with a GSD of 1.69. The reconfigured system successfully decoupled the source from
the sampling system, such that varying the flow rate through a reference probe had
negligible impact on the performance of the miniCAST.
4.4. SPATIAL UNIFORMITY VERIFICATION EXPERIMENT
The spatial uniformity of the heat treat plenum was to be verified next. For
probe tip dilution and down stream dilution to be accurately compared, both probe
had to be seeing the same sample. The same setup as the decoupling verification was
used for the spatial uniformity check with both reference probes sampling 5 lpm at 3
different source settings. Test settings along with CO2 and TCN values are shown in
Table 4.4. Overall CO2 variation from one probe to the next was less than ±20 ppm
or 1% across all source settings. Likewise, TCN variation was at worst 10% from one
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Figure 4.6: Size distributions from miniCAST decoupling verification.
Table 4.4: Spatial uniformity verification summary.
Series
Sample miniCAST CO2 (ppm) TCN (particles/cm
3)
Probe Set Point avg stdev avg stdev
1 1 40 nm 4029 8.7 7.38E+04 5.77E+04
2 2 40 nm 4023 8.0 7.95E+06 6.09E+04
3 1 30 nm 3045 10.5 9.08E+05 6.30E+03
4 2 30 nm 3009 11.3 8.25E+05 5.09E+03
5 1 25 nm 2037 5.0 4.13E+06 2.14E+04
6 2 25 nm 2045 4.7 4.05E+06 2.54E+04
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Figure 4.7: Size distributions from miniCAST spatial uniformity verification. - 40
nm.
probe to the next, well within the instruments accuracy. The size distributions for the
40 nm source setting are shown in Figure 4.7 contained the greatest variance in terms
of GMD of the 3 source settings from one probe to the next. The average GMD was
36.1 ±1.1 with a GSD of 1.71 ±0.01. The 30 nm source setting had average GMD
of 33.7 ±0.7 with a GSD of 1.90 ±0.03, while the 25 nm setting had a GMD of 22.7
±0.4 with a GSD of 1.71 ±0.01. All variations were within instrument uncertainty,
due to the heat treat plenum being spatially uniform.
4.5. EC-OC FILTER ANALYSIS
It was also desired to know how elemental carbon (EC) to organic carbon (OC)
ratio varied with GMD and dilution. Three filters were used for each test point, an
undiluted just behind an OEM probe and 2 downstream of a reference probe with 1 of
them behind a thermal discriminator. The filters were inserted for a sufficient amount
33
(a) (b) (c)
Figure 4.8: Filter images from GMD 20 nm source with a dilution ratio of 10:1.
Images are typical for other test points. (a) Undiluted filter sample. (b)
Diluted filter sample. (c) Diluted and discriminated sample.
of time in order to ensure adequate deposition, as seen in Figure 4.8. Typically, the
undiluted filter was in the system for less than 10 minutes while to other 2 filters
could be in for several hours. This prevents EC and OC masses from being used in
the condition comparison.
First, the EC-OC ratio was checked to dilution at a source GMD of 20 nm.
Three dilution ratios were used (5, 10, and 20) with the results shown in Figure 4.9.
At 20 nm, the EC-OC ratio is insensitive to dilution. Second, the EC-OC ratio was
checked to GMD dependence, with results shown in Figure 4.10. Three different sizes
were used (20, 28, and 80 nm), with both the 20 and 28 nm sizes being checked at
a dilution ratio of 5 and the 80 nm being checked at a dilution ratio of 10. The EC
fraction increased with GMD from ∼10% at 20 nm to ∼50% at 80 nm. All data points
showed about the same EC fraction for the undiluted, the diluted, and the diluted
and discriminated at a given data point except for the GMD 28 nm test point. The
higher discriminated EC fraction for this test condition may indicate some evolution
of the exhaust taking place or a bad filter.
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Figure 4.9: EC-OC ratios with source at 20 nm and various dilution ratios.
























Figure 4.10: EC-OC ratios with source at 28 nm and 80 nm.
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4.6. LINE CONDITIONING EXPERIMENT
The primary objective of the line conditioning experiment was to determine
the amount of time necessary for a 25 m line to reach a particle loss steady state.
A clean, electro-polished line was used behind an OEM probe with a tap at the
beginning and end of the line to measure the PM entering and exiting the line be-
ing conditioned. The line penetration, percentage of particles of a given size passing
through the length of line, was measured throughout the experiment. The instrumen-
tation used included a Cambustion DMS 500, TSI 3775 CPC, and a Thermo Scientific
5012 MAAP. The miniCAST was set to produce a sample with a GMD of ∼40 nm
and concentration of ∼106 #/cc. The line conditioning experiment proceeded over 3
days.
The first day of conditioning began with heating the line to 160◦C and running
nitrogen through it to purge any residuals. A total of 90 minutes of line conditioning
took place on the first day, split into 6 cycles of inlet and outlet measurements. As
seen in Figure 4.11, the TCN was stable for the duration of the run while the black
carbon (BC) mass ratio began increasing around 1 hour 15 minutes into the test.
The penetration efficiency remained roughly stable, see Figure 4.12, but was greater
than unity for particles larger than 70 nm, suggesting particles shedding from the
line. The line was purged with nitrogen for 15 minutes to end the day.
Day 2 began with 15 minutes of nitrogen purging with line at 160◦C and
then proceeded with 45 minutes of line conditioning. As shown in Figure 4.13, the
initial penetration (15 minutes) was similar to those seen on day 1 with large particle
shedding from the line. At the end of the line conditioning for the day (45 minutes),
the penetration was less than unity for all sizes. Due to concerns for the potential to
cause large particle shedding because the line penetration efficiency was greater than
100% for some sizes initially during the day, the line was not purged.
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Figure 4.13: Day 2 of line conditioning size penetration effectiveness.
Day 3 consisted of 30 minutes of line conditioning with no nitrogen purging
and consisted of 4 cycles. By all measures, the line was stable for the duration of
the day 3 line conditioning. Shown in Figure 4.14, the average penetration did not
very much, with a maximum uncertainty of 31.7% at the 5.62 nm size and average
uncertainty of 8.8%. Likewise, all of the ratios, shown in Figure 4.15, show relatively
constant values across all 4 runs.
The total line conditioning time was about 3 hours with stable penetration
occurring around the 2 hour mark. The initial large particle shedding from the line
diminished with time and maybe worsened by nitrogen purging. A sample line should
be conditioned, as a new line will have a different penetration than a used line. A
clean new sample line should be exposed to exhaust emissions for 2-3 hours prior to
collecting data. Purging the line should be minimized or eliminated if possible, with
a re-conditioning period of 30 minutes in the event of purging.
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Line Conditioning − Day 3 − Penetration Efficiency
Figure 4.14: Day 3 average line penetration efficiency.






















Figure 4.15: Day 3 ratios of BC mass, TCN, and CO2.
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Figure 4.16: OEM sample line size distributions with dilution at 0 m and 6 m from
probe exit with a dilution factor of 20.
4.7. LINE TEMPERATURE STUDY
The line temperature study used the exact same setup as the dilution study.
The study comprised of 3 different line temperatures (60, 160, and 250◦C), each
with dilution temperature at both ambient and 160◦C. All test points used a furnace
temperature of 320◦C except for the line temperatures of 250◦C, which had a furnace
temperature of 350◦C.
The size distributions from the OEM probe at 6 m dilution distance with a
dilution factor of 20 are shown in Figure 4.16. For both the 60 and 160◦C line tem-
peratures, the size distribution increased in concentration with heating the dilution
gas while the GMD stayed roughly the same. At a line temperature of 250◦C the
increase in dilution temperature decreased the concentration. The concentration also
decreased when the line temperature went from 60 to 160◦C but increased when it
went to 250◦C, possibly due to particle burning off of the line.
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Figure 4.17: Probe tip dilution size distributions. Values were as measured and not
corrected for dilution factor or particle line loss.
4.8. PROBE TIP vs. DOWNSTREAM DILUTION
One of the primary goals of the in-house set of experiments was to compare
probe tip to downstream dilution. To accomplish this, the standard set up had 2
simple concentric tube diluters inserted at the OEM probe exit and 6 m down the
sample line, while a reference probe occupied the other slot in the plenum. The
sample line coming off of the reference probe, shown in Figure 4.17, was only a few
meters while the OEM sample line was 25 m long. None of the data was corrected
for line loss so direct comparison of the OEM line and reference line was not possible.
For the results presented in this section, the furnace was at 320◦C and both the
sample line and dilution temperatures were at 160◦C. The next section will examine
temperature variance.
The comparison of the OEM line when diluted at various distances is shown
in Figure 4.18. The reference probe averaged 33.76 ±0.53 nm on the GMD and 1.90
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Figure 4.18: OEM Sample line size distributions at both 0 m and 6 m from probe
exit. Values were as measured and not corrected for dilution factor or
particle line loss.
±0.00 on the GSD. The size distributions between the 0 and 6 m downstream dilution
were more closely aligned at the large dilution factors. For both the dilution factors of
5 and 10, the 6 m size distribution was higher in concentration than the 0 m dilution
location, while at a dilution factor of 20 both locations were about the same. The 0 m
dilution location averaged 37.13 ±0.16 nm for the GMD and 1.70 ±0.01 for the GSD,
while the 6 m location averaged 39.90 ±1.09 nm and 1.74 ±0.04 for the GMD and
GSD, respectively. The 6 m location shifted the size distributions over to increased
sizes slightly when compared to the 0 m dilution location with no difference in GSD.
The BC mass emission factors were at 0.0216 ±0.0063 and 0.0385 ±0.0054 for the
0 and 6 m dilution locations while the PM number emission factors were 1.62E+03
±7.22E+01 and 1.30E+03 ±5.08E+01 for the same. The mass increased by about
40% while the number decreased by about 20% with dilution distance. The 0 and 6 m
dilution locations would likely agree more, had extra sample been pulled through the
42
pre-diluted section for a gas bench as would happen in a full system due to increased
line loss from slower sample velocity.
4.9. EDUCTOR STUDY
The eductor study evaluated the performance of 3 different commercially pro-
duced eductors from Fox Valve, Air-Vac, and Dekati. The first check done on the
eductors was to determine driver flow rate as a function of driver pressure. A similar
check was done to determine sample flow rate as a function of sample pressure for
various driver pressures. These results were then evaluated to determine which educ-
tors satisfy the following desired characteristics for simultaneous gaseous and PM
measurement: a diluted flow rate greater than 14 lpm, a sample flow rate of ∼2 lpm,
and a dilution factor from 2 to 20, for a sample with pressure varying between 0.8
and 1.2 atm. The last performance criteria checked was the penetration efficiency for
the same sample pressure range.
The driver flow rate was measured at pressures ranging from 1 to 70 psig,
although the range for a particular eductor varied as shown in Figure 4.19. The Fox
Valve eductor was by far the smallest one tested and required a much higher pressure
to generate a comparable amount of flow rate to the other eductors tested. Both
the Air-Vac and Dekati eductor produced a linear relation between driver pressure
and driver flow rate above about 10 psig. Below this pressure, the flow rates quickly
tappered off to zero.
The sample flow rate was also measured at pressure ranging from 10 to 14 psia
at various driver pressures. Figure 4.20 shows the sample flow rate map for the Dekati
eductor. The sample flow rate graphs for the other eductors studied are presented
in Appendix C. All of the eductors tested were at the sample flow rate limit at the
minimum driver pressure approximately of atmospheric sample pressure, meaning
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Figure 4.19: Eductor diver flow rate as a function of driver pressure.
















Dekati − Sample Flow vs. Sample Pressure
 
 
PD = 10 psig
PD = 20 psig
PD = 30 psig
PD = 40 psig
PD = 50 psig
PD = 62.5 psig
PD = 70 psig
PD = 80 psig
Factory Calibration
Figure 4.20: Dekati eductor sample flow rate as a function of sample pressure at
various diver pressures.
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Dekati − Dilution Factor vs. Sample Pressure
 
 
PD = 10 psig
PD = 20 psig
PD = 40 psig
PD = 50 psig
Figure 4.21: Dekati eductor dilution factor versus sample pressure at various diver
pressures.
that a sample pressure above 1 atm will result in too much sample flow. This implies
that a sampling system needs pressure regulating valve to drop the sample pressure to
approximately 1 atm near the PM/gaseous sample splitter. The dilution factors for
the Dekati eductor are shown in Figure 4.21. The dilution factor was fairly linear for
sample pressures above 1 atm and inversely proportional below 1 atm. Higher driver
pressures increased the dilution factor above atmospheric pressure for the sample but
lowered the inverse portion of the curve significantly. A higher driver pressure would
allow the instruments to see similar diluted sample as the sample pressure varies
slightly.
The penetration efficiency was also studied for the 3 eductors using a mono-
dispersed salt ((NH4)2SO4), with results shown in Figure 4.22. The Air-Vac eductor
performed the best in this check, allowing nearly 100% of all particle sizes through.























Figure 4.22: Penetration efficiency for the 3 eductors studied.
through for the size range checked. Although for the same model eductor, Giechaskiel,
et al. [44] found that particle losses in the 15-300 nm range were between 0-5%.
The Fox Valve, however, had a penetration efficiency peak of ∼100% at 50 nm and
dropping significantly below 20 nm and tailing off to about 50% above 50 nm.
While none of the eductor satisfied all of the desired characteristics, especially
above 1 atm as shown in Table 4.5, both the Air-Vac and Dekati eductors featured a
relatively flat particle penetration efficiency, at ∼1.0 and ∼0.65 respectively, making
both of these eductor desirable in that criteria. The Fox Valve eductor had a pene-
tration efficiency that decreased substantially below 20 nm and above 80 nm from its
maximum. Both the Fox Valve and the Dekati eductors had a relatively flat sample
flow rate versus sample pressure, making both of these eductor desirable. This is be-
cause small fluctuation in sample line pressure have a minimal effect on sample flow
rate and dilution factor. When looking at the criteria of a dilution factor between 2
and 20, sample flow less than 2 lpm, and a total diluted sample flow greater than 14
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Table 4.5: Eductor study summary.
Eductor
P sample P driver DF Q sample Q total
(atm) (psig) (2 to 20) (<2 lpm) (>14 lpm)
Fox Valve
1.15 - - 12.8 -
1.10 - - 10.3 -
1.05 - - 6.62 -
1.00 20 15.3 1.94 29.7
0.90 56 36.3 1.87 67.8
0.85 67 42.0 1.91 79.7
Air-Vac
1.05 - - 15.7 -
0.99 3.5 17.8 2 35.6
0.94 10 35.3 2 70.6
0.89 16 44.7 2 89.4
0.84 22 55.3 2 110.6
0.79 28 66.2 2 132.4
Dekati
1.15 - - 11.85 -
1.10 - - 7.81 -
1.05 - - 2.08 -
1.00 6 7.7 1.93 17
0.90 33 21.4 2.03 45.8
0.80 63 39.9 1.89 77.3
lpm, all 3 eductors performed well at or below 1 atm. If the sample pressure were
to drop to 0.80 atm, the Air-Vac eductor would have a dilution factor of nearly 70
while the Fox Valve and the Dekati would be around 40. Overall the Dekati eductor
performed the best.
4.10. CATALYTIC STRIPPER
The proposed ARP is for the measurement of non-volatile PM. Any volatile
PM that forms in the sample line needs to be removed prior to the instruments. To
accomplish this, a catalytic stripper was examined for its ability to remove volatile
material and penetration efficiency. This study used a similar setup to the eductor
study and was comprised of 3 parts. First, the penetration efficiency was examined
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Figure 4.23: Penetration efficiency of the catalytic stripper using mono-dispersed
NaCL aerosol with flow rates of 10 and 20 lpm.
using a mono-dispersed salt (NaCl) aerosol ranging from 10 to 150 nm. Second,
the penetration was measured using a mono-dispersed carbonaceous aerosol over the
same size range. Last, the volatile material removal efficiency was determined using a
poly-dispersed aerosols with variable EC-OC ratios. The first portion used a nebulizer
and furnace to generate a NaCl aerosol while the second and third portions used the
miniCAST as the PM source. All portions of the study were done at two flow rates,
10 and 20 lpm, with the catalytic stripper at 300◦C.
The penetration efficiency using mono-dispersed salt aerosol is shown in Fig-
ure 4.23. The penetration was slightly higher at 20 lpm than at 10 lpm below 35 nm,
while above the 2 flow rates had statistically the same penetration. The results from
using a mono-dispersed carbonaceous aerosol are shown in Figure 4.24. Similar to
the salt aerosol, the higher flow rate showed greater penetration, although the point























Figure 4.24: Penetration efficiency of the catalytic stripper using mono-dispersed car-
bonaceous aerosol with flow rates of 10 and 20 lpm.
penetration efficiency for both the salt and carbonaceous aerosols at the 10 lpm flow
rate. Both aerosol types displayed statistically similar penetration efficiency over the
size range examined.
When examining the volatile removal efficiency, the miniCAST was set to
produce a series of PM samples with mean sizes ranging from 10 to 110 nm. For
each size segment, the upstream and downstream size distributions were recorded
and from each the associated mean diameters were calculated. Mean masses were
also calculated by assuming a spherical particle with a given density. A volatile mass
fraction was calculated for each size segment using the upstream and downstream

































Figure 4.25: Penetration efficiency of the catalytic stripper at a flow rate of 10 lpm
using both mono-dispersed salt and carbonaceous aerosols.
where  is the volatile mass fraction, V is the particle volume, and x is the particle
diameter. Both the particle diameter and volume have upstream and downstream
conditions denoted by the subscripts D and U .
The results from the volatile mass fraction examination are shown in Fig-
ure 4.26. The miniCAST PM contained volatile material with a mass fraction ranging
from 0.1 to 0.8. The volatile mass fraction was greatest (0.7 to 0.8) for downstream
sizes below 40 nm and droped below 0.2 above the 65 nm size. The volatile mass































Figure 4.26: The volatile mass fraction as a function of downstream particle size at
both 10 and 20 lpm flow rate through the catalytic stripper.
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5. AAFEX II FIELD STUDY
The Alternative Aviation Fuel EXperiment (AAFEX) is a series of field studies
designed to assess the changes in engine performance and emissions characteristics of
alternative fuels when compared to standard JP-8. The field studies were performed
on the Dryden Flight Research Center DC-8 aircraft equipped with CFM-56-2C en-
gines. The first field study (AAFEX) was conducted from 19 January through 3
February in 2009. The second field study (AAFEX II) was conducted from 21 March
through 3 April in 2011. The AAFEX II Field study was the first trial of a concept
E-31 ARP system with jet engines as the combustion source. The primary objec-
tives were to produce a matrix of fuel effects on engine and exhaust gas temperatures
and compressor speeds, engine and auxiliary power unit (APU) gas phase and par-
ticle emissions and characteristics and, volatile aerosol formation in aging exhaust
plumes. While secondary objectives included examining ambient temperature effects
on volatile aerosol formation and AAFEX II included trial of the concept E-31 ARP
system. The AAFEX II field campaign also included an in depth investigation of
measured line loss and theoretical line loss. The discussion in this section will focus
on the concept E-31 ARP system and its comparison to probe tip dilution as used in
current research studies.
5.1. EXPERIMENTAL SETUP
The E-31 portion of the AAFEX field study, basic setup shown in Figure 5.1,
involved 2 probes, a gaseous probe supplying an Annex 16 line and an Dekati Eductor,
and a reference particle probe. The Annex 16 line lead to gas bench which contained
only a CO2 analyzer. There was a suite of particle devices which were able to pull
from either the E-31 line or the reference PM probe, along with another CO2 analyzer
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Figure 5.1: Basic setup of the E-31 portion of the AAFEX field study.
to measure the diluted CO2 amount. The suite of particle devices contained two PM
mass measurement devices; an Artium Technologies LII 300, and a Thermo Scientific
5012 MAAP. The suite also contained six PM number measurement devices; an AVL
Particle Counter (APC), three TSI CPC’s models 3772, 3775, and 3776, as well as a
FMPS, and a SMPS.
5.2. LINE LOSS STUDY
During the AAFEX II field campaign several line loss measurements were
made of the of the E-31 sample line to be compared to the theoretical calculations
from Aerosol Calculator [20]. The purpose of this experiment was to determine both
the random error and the systematic error present in line loss measurements. The
measured and calculated line loss are presented in Figure 5.2 as penetration efficiency,
the percentage of particles passing through the line. The calculated results show a
very strong correlation with the measured values, with a maximum error of 4.5% at
the 29 nm and the greatest standard deviation of 13.6% at the smallest particle size
of 10 nm. The random error was determined from the standard deviation present in
the line loss measurements and is presented in Figure 5.3 with a rms error of 7.0%.
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Figure 5.2: Results of the AAFEX II line loss study.


































Figure 5.3: Random and systematic error of line loss measurements.
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Also shown is the systematic error calculated from the difference in the measured
values and the theoretical values and had an rms error of 2.9%.
5.3. PROBE TIP vs. DOWNSTREAM DILUTION
For the purpose of examining probe tip vs. downstream dilution only results
from the LII and APC will be examined; an unpublished study by David Liscinsky
considered an instrument comparison from the same data collected during this field
study. Both the LII and the APC represent likely instruments utilized in a full E-31
system deployment. For this comparison, test points pairs were selected using same
run conditions, i.e. engine power, fuel type, etc., pairs occurring near in time with one
test point sampling from the E-31 line and the other from the reference probe. The
plot shown in Figure 5.4 fit a black line to the data points constrained to pass through
point (0,0), with a purple line representing unity, and the test point represented by
blue circles with the uncertainties shown for each line.
The results from the LII, shown in Figure 5.4, show the reference line mea-
suring overall 3% higher overall than the E-31 line in terms of EIm. Although many
points overlapped unity and the linear fit accuracy mean this is not statistically dif-
ferent from unity. The number based emissions index as determined by the APC,
shown in Figure 5.5, show the reference line measuring 26% higher than the E-31
line on average. The sample line penetrations as determined experimentally, shown
in Figure 5.6, suggest that the reference line should produce higher EIs, particularly
higher EIn due the the difference in line penetration for the smaller particles, when
compared to the E-31 line. By combining some size distributions from the main
AAFEX II experiment with the line penetration data and an integration to calculate
the theoretical mass and number of the sample entering the instrument suite, a 36%
higher EIn and 27% higher EIm is obtained for the reference line when compared
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Figure 5.4: EIm comparison of the reference PM sample line to the E-31 sample line
at AAFEX.






























Figure 5.5: EIn comparison of the reference PM sample line to the E-31 sample line
at AAFEX.
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Figure 5.6: Sample line penetration from AAFEX.
to the E-31 line. Although penetration was only measured to 140 nm hindering a
theoretical determination of the line penetration effect on the mass measurement.
5.4. GENERAL FINDINGS
Using downstream dilution as is currently proposed, had a negligible effect
on the mass measurement and decreased the number measurement by 26% when
compared to using probe tip dilution. Similar results were obtained by inserting
AAFEX II size distributions in to the line loss data and calculating the resulting EIm
and EIn ratios for the two lines of 27% and 36%, respectively. The size penetration
data was only measured up to a particle diameter of 140 nm, preventing a complete
analysis on the effect that penetration has on mass measurement. Using a theoretical
model to calculate the penetration of a sample line provides a good alternative to
measuring penetration experimentally. Experimental penetration measurements had
57
size dependent random and systematic uncertainties that increased as the particle
size decreased. The current proposed ARP calls for line loss data to be given which
could be used to make an estimation of actual values in the exhaust stream.
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6. SAE E-31 ARP DEMONSTRATION
The SAE E-31 ARP demonstration took place from 30 November through 16
December 2011 at SR Technics facility in Zurich, Switzerland. This demonstration
included participants from Federal Office for Civil Aviation of Switzerland (FOCA),
Missouri University of Science and Technology, Aerodyne Research, Swiss Federal
Institute of Technology Zurich (ETH), Canada’s National Research Council (NRC),
Anstalt fu¨r Verbrennungskraftmaschinen List (AVL), Cambridge University, Dekati,
and TSI. The primary test objectives were to compare the performance of the FOCA
and Missouri S&T versions of the ARP sample train systems in terms of PM number,
mass, size, and composition. Additional primary objectives included inter-comparison
of similar instrument pairs and evaluation of CPC size cutoff (i.e. 10 vs. 23 nm).
The secondary objective was to investigate the impact on number measurement of
volatile PM removal using a catalytic stripper.
6.1. EXPERIMENTAL SETUP
The E-31 ARP demonstration, schematically shown in Figure 6.1, consisted of
a gas sampling system, and two PM sampling systems. The sampling probe consisted
of a 10 mm stainless steel tube uninsulated with a length of approximately 1 m in
order to bring the sample up out of the engine exhaust. Another 10 mm stainless steel
tube 6 m in length and heated to 160◦C brought the sample to the first splitter. The
straight through on the splitter was for the PM sample consisting of approximately
10 lpm of raw exhaust at this point. One of the branches on the first splitter was a
pressure regulation valve designed to keep the splitter at 10 mbar above atmospheric
pressure; this ensures an approximately constant splitter pressure and eductor inlet
pressures. The other branch was an Annex 16 gas line of 6 mm carbon loaded PTFE
59
Figure 6.1: Basic setup of the E-31 ARP demonstration.
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tubing and 27 m in length heated to 160◦C with approximately 16 lpm of raw exhaust.
A Horiba PG-250 was used to provide measurements of NOX , SO2, CO, CO2, and O2
and a Horiba MEXA-1170HFID for UHC measurements, both provided by FOCA.
The PM sample train begins with a 5 ft (1.5 m) 3/8 inch (0.95 cm) diameter
carbon loaded PTFE line. A splitter box heated to 160◦C separated the FOCA and
Missouri S&T PM sample with each line containing an isolation valve that is capable
to shutting off the sample in order to allow an instrumentation zero with only dilution
gas and to isolate the two lines. Two 3/8 inch carbon loaded PTFE tubes of 10 ft
(3.0 m) in length connected the splitter box to the eductors. The 10 ft line brought
the PM sample straight into the FOCA eductor while the other brought the PM
sample to the dilutor box for the Missouri S&T line. The Missouri S&T dilutor box
contained two chambers, one heated to 160◦C for a splitter and another heated to
60◦C for the eductor. The splitter had both branches caped due to only one gas
analysis system being present. Both eductors used a common dilution supply which
was heated to 60◦C. All PM sample lines prior to the eductors were heated to 160◦C
while the transfer lines after the eductors and before the cyclones were heated to
60◦C. The main transfer lines consisted of a 12 m long, 10 mm tube for the FOCA
line while the Missouri S&T line was 50 ft (15.2 m) of 3/8 inch carbon loaded PTFE
line. The total sample line length was approximately 26.5 m for the Missouri S&T
line and 23.5 m for the FOCA line with 11.5 m of length prior to dilution being added
for both lines. Each transfer line had a flow rate of approximately 25 lpm.
At the end of each transfer line was a cyclone designed to remove particle
greater than 2.5 µm at a flow rate of 10 lpm, which both protects the instruments
and reduces erroneous data from metal particles from engine wear. With 25 lpm going
through the cyclone, the cut size was reduced to about 1 µm. After the cyclone, there
was a branch in each line leading to a LI-COR LI-840A provided by Missouri S&T
and a TSI 3776 provided by the EPA with a filter capillary dilutor (in order to bring
61
Table 6.1: Instruments included on each suite (similar instruments paired).
Suite 1 Suite 2
APC DEED
(1 CPC) (3 CPCs)
LII (NRC) LII (Honeywell)
MSS 1 MSS 2
DMS500/MAAP DMS500
SP-AMS AMS
the particle count down so it does not max out) for the purpose of monitoring line
stability. A series of valves and wyes was inserted to allow the sample to be quickly
transferred from one instrument suite to the other. Three valve configurations were
used. The first, called “Default,” had instrument suite 1 sampling from the FOCA
line while suite 2 was sampling from the Missouri S&T line. The second configura-
tion, called “Switch,” was the opposite valve configuration as the default. The third
configuration, called “Both,” had all four valves open such that each instrument suite
was sampling the same sample; this was used for instrument comparison while the
other valve configurations provided the means for line comparison.
The PM sample was then split several times through a series of wyes to bring
it to each instrument. Each instrument suite consisted of mass, number, size, and
chemical composition instruments; a break down is shown in Table 6.1. The mass
instruments included two AVL Micro Soot Sensors (MSS) provided by AVL and two
Artium Technologies LII 300s, one provided by NRC and the other by Honeywell. An
additional mass instrument, a Thermo Model 5012 MAAP, provided by Aerodyne,
was switched in and out in place of the DMS on suite 1. Two additional diluters were
used for the number instruments. Suite 1 contained an AVL Particle Counter (APC),
provided by AVL, which contains a catalytic stripper and a TSI 3790 which has a
cutoff of 10 nm. Suite 2 had a Dekati Engine Exhaust Diluter (DEED), provided by
Dekati, containing two Dekati eductors in front of three TSI CPCs provided by TSI
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Table 6.2: Engine test details.
Test Date Engine Model Test Cycle Notes
1 5 Dec 2011 CFM56-7B27/3 Warm Up Shakedown Test
2 6 Dec 2011 CFM56-5C4/P Seal Test
3 7 Dec 2011 CFM56-5C4 Seal Test
4 9 Dec 2011 CFM56-7B24/3 Seal Test
5 9 Dec 2011 CFM56-7B24/3 Seal Test
6 12 Dec 2011 PW4060 Seal Test
7 12 Dec 2011 CFM56-5C4 Seal Test
8 13 Dec 2011 PW4060 Vibration Test “Both”
9 15 Dec 2011 CFM56-7B27 Seal Test Catalytic Stripper
10 15 Dec 2011 CFM56-7B27 Vibration Test Catalytic Stripper
11 15 Dec 2011 CFM56-7B27 Trim Balance Test Catalytic Stripper
downstream; a 3790 with a 23 nm cutoff, a 3772 with a 10 nm cutoff, and a 3788
with a 2.5 nm cutoff. Additional non-ARP instruments used for system verification
included two Cambustion DMS500s provided by Missouri S&T that provided PM
size distributions. Chemical composition was measured by two AMSs, one a SP-
AMS provided by ETH in suite 1 and the other AMS provided by Aerodyne in suite
2. The last day of testing included two catalytic strippers, provided by Cambridge
University, operating in parallel inserted before the instruments in suite 2.
6.2. TEST DETAILS
The experiment consisted of 11 engine runs as shown in Table 6.2 with all
emissions measurements piggybacked on post maintenance engine test cycles. The
first test, taking place on 5 December, was a “Shakedown” which has the primary
purpose of checking the experiment setup integrity and test procedures. While data
was recorded, it was never analyzed, and not all necessary instruments were setup
at that point. The test on 6 December did not have the Dekati DEED up and
running along with the 3 downstream CPCs. Temperature and pressure monitoring
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programs were not up for this run either. The test on 13 December used the valve
configuration “Both” as discussed earlier for the purpose of performing instrument
comparison. Two catalytic strippers were inserted in parallel before suite 2 for the
tests on 15 December and had operating temperatures of 250◦C, 350◦C, and 400◦C
at different points throughout the 3 tests. All tests were conducted with engines that
were undergoing initial tests after maintenance.
6.3. LINE COMPARISON
The first primary objective of the test was to compare the two PM sample
lines. While both the FOCA and Missouri S&T lines were constructed similarly with
the exception of the main transfer lines, which varied in length by 3 m. While the
inner diameters of the two lines were roughly equivalent, the FOCA transfer line was
12 m long while the Missouri S&T transfer line was 15 m long. Additionally the
two eductors were operating at different dilution factors due to the Missouri S&T
eductor having its spill tube reduced to 3/8 inch from 12 mm while the FOCA spill
tube remained at 12 mm. By performing a both a “Default” and “Switch” valve
configuration during a single stable engine operating condition, a single point can
be determined for comparing the FOCA and Missouri S&T transfer lines for each
instrument.
There were 28 corresponding test points used for line comparison, 12 for
CFM56-5Cs, 14 for CFM56-7Bs, and 2 for PW4060s. Figure 6.2 depicts the the
overall line comparison for the mass instruments, while Figure 6.3 does the same for
the number instruments. The graphs for individual instruments are located in Ap-
pendix C. The figures all present the FOCA line on the x-axis and the Missouri S&T
line on the y-axis with a line representing unity in purple. The data points for each
engine type is represented by a separate color with a linear fit made to all data points.
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Figure 6.2: Overall line comparison for mass instruments.



























Figure 6.3: Overall line comparison for number instruments.
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The linear fit was constrained to pass through the point (0,0) with the slope and R2
value from the fit shown for each instrument. Overall the two lines compared rather
well, with the FOCA line reading higher on average by 12.3% ,for the mass instru-
ments and 13.0% for the number instruments. All percentage differences are given
with respect to the FOCA line having the higher EI value, such that a negative per-
centage would indicate the Missouri S&T line containing the greater EI value. Suite
2, overall, was closer to unity than suite 1 with a 9.6% and 3.7% difference compared
to a 16.2% and 27.5% difference for mass and number instruments, respectively.
6.4. INSTRUMENT COMPARISON
The second primary objective was to compare instruments. This was done in
two aspects, the first was to compare similar instrument in each suite to each other,
and the second was to compare identical instruments to each other. In terms of mass
instruments, each suite had two dedicated instruments, a LII and MSS, as well as a
DMS from which the mass can be calculated. Each suite had one dedicated number
instrument (only looking at the TSI 3790 in suite 2 for this section) along with a
DMS. On 13 December, the test featured the valve configuration “Both” to allow for
similar instruments on each suite to be compared using an assumed common source.
All instrument comparison data points in this section are valid when both instruments
are on similar conditions (i.e. same engine setting and line configuration) from 5-13
December 2011.
Both instrument suites contained a DMS 500 for measuring the size distri-
bution, from which a number and mass value could be calculated. This allowed a
common instrument of comparison for both number and mass devices. Figure 6.4
shows the mass result comparison for DMS devices. The DMS on suite 2 read on
average 23% higher than the suite 1 DMS. The R2 value was 47% primarily due to a
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Figure 6.4: DMS mass result instrument comparison.
group of data points where the suite 2 DMS, showed a mass result near 0 while the
suite 1 DMS was much higher. If the data points in which the suite 1 DMS was three
times the value of the suite 2 DMS the overall results show that the suite 2 DMS
was 60% higher in mass measurements with a R2 value of 83%. Figure 6.5 shows the
number result comparison for DMS devices. For number measurements, the suite 2
DMS was 55% higher with a R2 value of 73%. This is much closer to the filtered
mass overall result.
Both of the dedicated mass instruments agreed well with the similar instru-
ment in the opposite suite. The LII in suite 2 was on average 15% higher than the LII
in suite 1 as shown in Figure 6.6. The MSS in suite 1 was 2% higher on average than
the MSS in suite 2 as shown in Figure 6.7. Both of the dedicated mass instruments
had a high correlation, with a R2 value of 99% for the LII and 99% for the MSS. The
comparison of the suite 1 LII and MSS is shown if Figure 6.8 with the LII reading
on average 37% higher than the MSS with a R2 value of 99%. The suite 2 LII was
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Figure 6.5: DMS number result instrument comparison.






























Figure 6.6: LII instrument comparison.
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Figure 6.7: MSS instrument comparison.



























Figure 6.8: Suite 1. LII and MSS instrument comparison.
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46.3% higher on average than the MSS with a R2 value of 99%. Table 6.3 shows
a summary of the mass instrument comparison. Overall, the DMS’s measured EIm
40-45% higher than the LIIs, and the LIIs were 37-46% higher than the MSSs. For
both suites the LII-MSS had a high rate of correlation, greater than 99%, while the
suite 1 DMS-LII and DMS-MSS were around 36% and suite 2 around 72%. Although
there was about a 40% difference in the measurements, both the LII and MSS had
very linear EIm ratio over the entire range of engine conditions, while the DMS’s
integrated calculation did not.
In terms of number instruments, this section will only look at the DMS’s, APC,
and the TSI 3790 (23 nm cutoff). The other TSI CPC’s will be looked at in the next
section. For the number instruments in suite 1, there was a 91% agreement with a
R2 value of 86.4%, as shown in Figure 6.9 between the DMS and APC. The number
instruments in suite 2, shown in Figure 6.10, show an agreement of 16% between
the DMS and TSI 3790. Both the TSI 3790 and the APC have a size cutoff of 23
nm and are further diluted when compared to the other instrument, the method of
dilution vary substantially. The APC uses a chopper diluter, which chops in a known
sample volume with a constant dilution flow. This produces a fairly constant dilution
ratio over a range of pressures and the instrument takes into account particle loss in
its sample line. The TSI 3790 was downstream of a Dekati DEED, which contained
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Figure 6.9: Suite 1. DMS and APC instrument comparison.






























Figure 6.10: Suite 2. DMS and TSI 3790 instrument comparison.
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Figure 6.11: APC and TSI 3790 instrument comparison.
two eductors. The eductor’s dilution ratio vary depending on sample and dilution
pressure, both of which were measured. The dilution ratio used for calculating EIn
for the CPC’s were based on experimental data provided by Dekati for the DEED
used in this experiment. This method was less certain and could be a reason for the
substantial difference in number EI for the CPCs compared to the other instruments.
The comparison between the APC and the TSI 3790, shown if Figure 6.11, show a
similar result to the DMS and TSI 3790 with an agreement of 22% and R2 of 62%.
6.5. CPC CUTOFF SIZE
The third primary objective was to investigate the impact of CPC cutoff size.
Downstream of the Dekati DEED were 3 CPCs, a TSI 3790, 3772, and a 3788 with
cutoff sizes of 23, 10 and 2.5 nm respectively. Figure 6.12 shows the TSI 3790 CPCs
compared to the suite 2 DMS. The TSI 3790 with a 23 nm cutoff when compared
with the DMS (15% agreement) or APC (22% agreement) showed very similar rela-
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Figure 6.12: CPC Cutoff Size 23 nm vs. DMS 500.
tionships. Both the 10 and 2.5 nm cutoff, shown in Appendix C, presented similar
relationships when compared to the DMS with an agreement of 36% and 34% re-
spectively. When the CPCs are compared to one another, the 2.5 and 10 nm cutoff
presented in Figure 6.13 showed a 95% agreement with uncertainty for each test point
overlapping unity. This is primarily due to the size distributions dropping off around
10 nm. Although when the 10 and 23 nm cutoff are compared, shown in Figure 6.14,
there was a 34% departure in agreement. This large increase in measured particles
occurs in an area where volatile PM came form, making it likely that if a CPC were
used with a low cutoff size, that a catalytic stripper would also need to be deployed.
The dilution ratio for the DEED was calculated using recorded pressures and experi-
mental results provided by Dekati and not CO2 measurements as used in most other
calculations. It is possible that this multistep estimation of the dilution ratio may
be greatly under estimated. In any future deployment of a system with this type of
73


































Figure 6.13: CPC Cutoff Size 10 nm vs 2.5 nm.





































Figure 6.14: CPC Cutoff Size 10 nm vs 23 nm.
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additional dilution, a second CO2 monitor should be included to accurately measure
the additional dilution ratio.
6.6. CATALYTIC STRIPPER PERFORMANCE
Another objective was to assess catalytic stripper performance; runs for this
purpose were conducted on 15 December. The catalytic stripper was included as
volatile PM could form in the system due to using downstream dilution and the
objective was to measure only non-volatile PM. The catalytic stripper was operated
at 3 different temperatures over the course of the tests, 250, 350, 400◦C, with a
majority of the test point occurring at the 250◦C operating condition. From an ARP
standpoint, the only instrument that would be impacted is the number instrument
as the mass instruments considered measure non-volayile elemental carbon only. As
typical volatile PM have diameters less than 23 nm, the use of a catalytic stripper
would allow CPCs to be used with a lower size cutoff, producing a less truncated
number measurement.
The catalytic stripper had little effect on the mass instruments, as shown in
Figure 6.15 as well as Appendix C. At the 250◦C setting on the catalytic stripper,
all of the uncertainty bars overlapped with the overall averages without the catalytic
stripper inserted. This indicated that the mass instruments were measuring non-
volatile PM only.
The number instruments, however, displayed significant reduction in mea-
sured EIn values, shown in Figures 6.16 and 6.17 with additional graphs shown in
Appendix C. The DMS on Suite 2 went from reading 55% on average greater than
Suite 1 DMS to 41% and 60% below the Suite 1 DMS for the 250◦C and 400◦C condi-
tions. When the CPCs were compared to the APC, the measured EIn value dropped
to 93% less than the APC reading for the both TSI 3772 and 3788 and 96% less than
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Figure 6.15: LII comparison with catalytic stripper inserted before instruments on
Suite 2.


































Figure 6.16: DMS number comparison with catalytic stripper inserted before instru-
ments on Suite 2.
76






























Figure 6.17: APC to TSI 3772 number comparison with catalytic stripper inserted
before instruments on Suite 2.
for the TSI 3790. Without the catalytic stripper inserted, the 3772 and 3788 were at
55% less while the 3790 was 78% less then the APC. When the catalytic stripper was
at 350◦C and 400◦C, the 3 CPC’s reported an EIn 99% less than the APC. It is likely
that there was some volatile material forming in the system with diameters greater
than 23 nm. The catalytic stripper had little effect of CPC cutoff size results, as
shown in Figures 6.18 and 6.19. The results from the 10 to 23 nm cutoff check were
vertically unchanged compared to without the catalytic stripper, indicating that the
volatile PM was present mostly in sizes greater than 23 nm.
6.7. CONCLUSIONS
The primary objective of the Zurich tests was to compare if 2 different sample
line could provide the same results. Both line had results within 13% of each other for
both mass and number measurements, with most of the uncertainty on the data points
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Figure 6.18: TSI 3772 to TSI 3788 size cut-off check with catalytic stripper.
































Figure 6.19: TSI 3772 to TSI 3790 size cut-off check with catalytic stripper.
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overlapping the unity line. Another main objective of these tests was to compare
similar instruments. Both of the mass instruments tested, LII and MSS, agreed well
with the same instrument in the opposite suite. The LII on average measured higher
than the MSS by 37% with a high correlation between the 2 instruments. For number
instruments, the APC agreed within 9% of the DMS’s integrated calculation, while
the CPCss measured between 50 and 80% less than the APC on average. The final
main object was to investigate CPC cutoff size. There was little difference between
the CPC’s with a cutoff size of 10 and 2.5 nm with both measuring 55% less than the
APC, while the CPC with the 23 nm cutoff measured 78% than the APC. By dropping
the cutoff size from 23 to 10 nm, an additional 23% of particles were measured. The
secondary objective was to examine the catalytic stripper performance. The mass
instruments should change little in EIm measurement, indicating that they were
already measuring only non-volatile PM. The size instrument showed a dropped of
32% in terms of mass measurement of comparison, while the number measurement
drop 101%. The CPCs however dropped to -93 and -96% in terms of EIn when
compared to the APC, drop of 38% for the 2.5 and 10 nm cutoff and 19% for the
23 nm cutoff. It is likely that a number device with integrated diluter and catalytic
stripper will function better than a CPC with external diluter and catalytic stripper.
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7. CONCLUSIONS AND RECOMMENDATIONS
This thesis has discussed experiments conducted by Missouri S&T to help
produce recommendations and perform background research to aid the SAE E-31
Committee in creating an Aerospace Recommended Practice (ARP) for the measure-
ment of non-volatile particulate matter (PM) in aircraft engine exhaust for engine
emissions certification. This process arose out of the concerns of the health and
environmental implications the PM pose and the inadequacies of smoke number in
investigating these issues. The research study began in the Missouri S&T Center of
Excellence for Aerospace Particulate Emissions Reduction Research (COE) labora-
tory, as discussed in Section 4, with an examination of the jet engine surrogate used,
the miniCAST. This determined stability and reproducibility of the device as well as
finding operating conditions that provided similar PM size distributions to aircraft
previously measured by COE. The miniCAST was also integrated into the COE’s PM
measurement system so that the source PM size and concentration was independent
of changes in the PM measurement system.
Most of the experiments conducted at Missouri S&T involved investigating
component performance. One of the most significant of these experiments was a line
conditioning experiment where a PM sample line was constructed out of clean electro-
polished line and subjected to the miniCAST exhaust to determine the time needed
for the measured signal to stabilize. This experiment produced a recommended PM
sample line break-in procedure of 2-3 hours of being exposed to engine exhaust prior
to data collection. Also determined was that if the PM sample line should not be
purged with particle free air and in the event of a purging, the line should undergo 30
minutes of reconditioning prior to data collection. These two recommendations are
to help insure that the line loss characteristics of the PM sample line are constant
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with time. A volatile particle remover (VPR) was also studied as part of the in-house
experiments. It was determined that salt (NaCl) particles provide similar results for
penetration measurements to soot particles. The miniCAST PM was found to contain
a significant amount of volatile PM below 50 nm for certain operating conditions.
Another component test was the evaluation of three different eductors to act
as the primary diluter for the PM sampling system. These eductors were checked
for their performance characteristics, dilution and sample flow at different pressures,
allowing the dilution ratio to be calculated at a variety of different operating condi-
tions. The three eductors were also investigated for their particle loss characteristics
and two of the eductors, when heated to 60◦C, had penetration efficiency greater
than 100% because particles were being produced by the eductor. There were a few
operating characteristics that were desirable, a sample flow rate of less than 2 lpm, a
total diluted flow of greater than 14 lpm, and a dilution ratio between 2 and 20. None
of the eductors satisfied all of the desired characteristics over the range of pressures
studied, leading to the need for a pressure relief valve to be included in the system
just prior to the eductor. This pressure relief valve would allow the eductor to operate
over a narrow range of dilution ratios while preventing the eductors from extracting
too much sample flow. Of the three eductors evaluated, the Dekati Diluter DI-1000
performed the best with relatively constant particle loss over a large range of sizes,
meeting the other operating characteristics at atmospheric pressure and below. When
combined with a pressure relief valve it would operate as desired above atmospheric
pressure.
The first E-31 prototype system was set up at the second alternative aviation
fuel experiment (AAFEX II), as discussed in Section 5. This experiment provided
direct comparison between a system operating with probe tip dilution and one diluting
the sample down stream. Probe tip dilution provided 26% higher EIn measurements
than the E-31 line although these differences can be accounted for by particle line
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loss. There was negligible difference between the two dilution methods in terms of
EIm measurement. This allows current engine testing facilities to have the gaseous
sampling system slightly modified with the inclusion of a splitter near the beginning of
the sample transfer line and the addition of a PM sample line and instrument suite to
allow the measurement of non-volatile PM as well. Also performed at AAFEX II was a
study that compared measured sample line penetration with theoretical calculations.
It was determined that the theoretical calculations provide a good quick alternative
to measuring penetration with a maximum error of 5.3% and size dependent random
and systematic error that increased as size decreased.
The ARP demonstration at SR Technics, discussed in Section 6, compared
two different PM sampling systems, checking what will be two non-volatile PM mea-
surement reference systems. The two PM sample lines had a 13% difference in both
mass and number measurements. Two mass instruments, the Artium laser-induced
incandescence (LII) and AVL Micro Soot Sensor (MSS) and, showed an 37% dif-
ference in measured soot concentration, while the LII’s in opposite suites showed a
13% difference and the MSS’s showed a 2% difference. The AVL Particle Counter
(APC) showed a 9% difference compared to the Cambustion DMS 500. A Dekati
DEED was used to further dilute the PM sample for several CPC’s which resulted
in measured number values appreciably below the APC, although the dilution factor
through the DEED was estimated from pressure measurements. If additional dilution
is needed to improve CPC accuracy, a known dilution factor needs to be determined.
If a CPC with a 10 nm size cutoff is used as opposed to a CPC with a 23 nm cut-
off that is common with diesel measurements, an additional 55% of particles can
be counted. Reducing the size cutoff further has a negligible increase in measured
particles. A volatile particle remover (VPR) was added to the system, resulting in
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significant drop in measured EIn with minor impact on measured EIm. The present
mass instruments measured only non-volatile PM while a number instrument will




This section describes the general process in reducing the data measured (typ-
ically recorded at 1 Hz) to a final emissions index value for a test point.
DATA TIME SYNCING AND TEST POINT DETERMINATION
All data sets are time synced to a master data set. The master data set
is typically an instrument that is recording for the duration of the experiment or
if available fuel flow rates. This is necessary due to different instruments response
times or even computers set to different times. Data is time synced by visually lining
up peaks and valleys that usually correspond to engine power changes and valve
switches, an example is shown in Figure A.1 In the example shown, the undiluted

























Figure A.1: Example of data time syncing.
CO2 has a single peak at 46300 sec and the LII has one at 46255 sec, resulting in 45
sec added to all LII times. Typically the time sync value will stay constant (within a
few seconds) over the duration of the run, but in some cases additional offset may be
needed for short test points. After the data is time synced the test point start and
end times are adjusted to encompass the duration of the stable signal.
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MASS AND NUMBER EMISSION INDICES CALCULATION
The emission indices (EI) can be calculated 2 different ways, either on a second
by second basis or using the average values over the test point. When calculating on a
second by second basis the time sync value needs to be constant over the duration of
the run group. The mass and number based EI calculations are given in Eq. A.1-A.2,
EIM = PMM
0.082Tsample




[CO2] (MC + αMH)Psample
106 (A.2)
where PMM and PMN are the particle mass and number concentration in the exhaust
mixture, [CO2] is the CO2 concentration in the exhaust mixture, Psample and Tsample
are the pressure and temperature of the sample at the instrument, and α is the
hydrogen-carbon ratio of the fuel. These equations are the simplified particle EI
equations given in AIR 6037 [26]. The CO2 and PM concentrations are the undiluted
value but due to the them being a in a ratio the only the diluted values are needed
for the simplified calculation.
SIZE DISTRIBUTIONS CALCULATIONS
For instruments with that output a size distribution require additional calcu-
lations to be made to determine the emission indices. Before these calculation are
made the size distributions are typically corrected for background signal and then
line loss. The background signal is measured typically at the beginning and end of
the run without the PM source operating. The line loss can be determined either
experimentally or theoretically from Aerocalc or similar calculations. The mass and
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[CO2] (MC + αMH)Psample
106 (A.4)
where ∆i is the logarithmic based width of the size bin and pmi is the particle
concentration in size bin i. Additionally the geometric mean diameter (GMD) and

























This section lists the devices used during the course of the study along with
specifications and concludes with a short discussion of instrument calibration uncer-
tainty.
ARTIUM TECHNOLOGIES LII 300
The LII 300 was produced by Artium Technologies Inc and measured soot
concentration, specific surface area, and primary particle diameter using laser-induced
incandescence (LII). The LII had a minimum mass reading of 0.2 µg/m3 with a
maximum reading of 20 g/m3 with a precision of ±2%. For the primary particle size
in had a range from 10 to 100 nm with a precision of 2 nm and a specific surface area
range from 50 to 200 m2/g [45].
AVL PARTICLE COUNTER
The AVL Particle Counter, commonly referred to in the text as the AVL APC,
was produced by AVL and used a TSI CPC to measure non-volatile particle number
concentrations with a range of 0 to 10,000 particles/cm3 (calibrated) and 0 to 50,000
particles/cm3 (single count mode) with a size cutoff of 23 nm [46]. The device used
during the AAFEX and Zurich experiments was a pre-production model with a size
cutoff of 10 nm.
AVL MSS
The AVL Micro Soot Sensor was produced by AVL and measures soot concen-
tration using photoacoustic soot sensing (PASS). It had a minimum detection limit
of ∼5 µg/m3 with a maximum reading of 50 mg/m3 [47].
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CAMBUSTION DMS 500
The DMS 500 Fast Particle Analyzer was produced by Cambustion Limited
and utilizes particle electrical mobility and sensitive electrometer detectors to measure
particle size distributions in size spectral density (dN/dlogDP/cm
3), allowing size,
number, and mass to be calculated. The DMS 500 measures particles from 5 to
1000 nm in diameter with concentrations of 103 dN/dlogDP/cm
3 at 10 nm and 80
dN/dlogDP/cm
3 at 300 nm. This results in a number and mass sensitivity of ∼170
particles/cm3 and ∼0.5 µg/m3 for a typical diesel accumulation mode with a GMD
of 80 nm and GSD of 1.8 [48].
MINICAST
The miniCAST model 6203 Type C was produced by Jing Ltd and produced
soot particles with GMDs ranging from 10 to 60 nm at concentrations up to 108
particles/cm3 with a mass output of up to 30 mg/h. The miniCAST had an undiluted
exhaust of 3 lpm with up to 10 lpm of internal dilution [49]. It used propane as the
fuel source and was supplied with air and nitrogen for operation.
LI-COR LI-840A
The LI-840A was a CO2 and H2O analyzer produced by Li-Cor. It has a
measurement range of 0 to 20,000 ppm of CO2 and 0 to 60 mmol/mol of H2O with
an accuracy of 1% for CO2 and 1.5% for H2O [50].
SABLE SYSTEMS CA-2A
The CA-2A was produced by Sable Systems and measures CO2 over the range
of 1 ppm to 10% [51].
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THERMO SCIENTIFIC MAAP
The 2012 MAAP produced by Thermo Scientific measures black carbon with
a minimum detection level of 50 ng/m3 over a 10 minute average using multi-angle
absorption photometry [52].
TSI 3772
The TSI 3772 was a condensation particle counter (CPC) that used n-butyl
alcohol as the working fluid and only processed a single particle count mode. It
detected particles 10 nm and above at concentration up to 104 particles/cm3 with an
accuracy of 10% [53].
TSI 3775
The TSI 3775 was a condensation particle counter (CPC) that used n-butyl
alcohol as the working fluid. It detected particles 4 nm and above at concentration
up to 5x104 particles/cm3 in single count mode and 107 in photometric mode with
an accuracy of 10% for single count mode and 20% for photometric mode [54].
TSI 3788
The TSI 3788 was a condensation particle counter (CPC) that used water as
the working fluid and only processed a single particle count mode and was capable
of 10 Hz data output. It detected particles 2.5 nm and above at concentration up to
4x1054 particles/cm3 with an accuracy of 10% [55].
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TSI 3790
The TSI 3790 was a condensation particle counter (CPC) that used n-butyl
alcohol as the working fluid and only processed a single particle count mode and was
capable of 10 Hz data output. It detected particles 23 nm and above to meet European
PMP requirements at concentration up to 104 particles/cm3 with an accuracy of 10%
and contained an internal diluter with dilution factors ranging from 1 to 11 [56].
INSTRUMENT CALIBRATION ERROR
Condensation particle counter (CPC) calibration is detailed by Liu and Pui [57]
uses an aerosol generator with electrostatic classification to produce uniform NaCl
particles with an size accuracy of 2% and concentration accuracy of 5%. The DMS
500 uses a similar calibration method to CPC’s [58], which produces a size accu-
racy of 5% for the range of 5 to 300 nm and 10% above and a number accuracy
of 10%. Mass instruments are calibrated using a method detailed in NIOSH 5040
method [59]. The method uses deposited elemental carbon (EC) measurements on




This appendix shows graphs that were not presented in the main portion of
the document. Most of these graphs are similar to each other and were removed
from the main portion of the document to aid in readability, i.e. not have several
consecutive pages only containing graphs.















Air−Vac − Sample Flow vs. Sample Pressure
 
 
PD = 5 psig
PD = 10 psig
PD = 15 psig
PD = 20 psig
PD = 30 psig
PD = 35 psig
Figure C.1: Air-Vac eductor sample flow rate as a function of sample pressure at
various diver pressures.
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Fox Valve − Sample Flow vs. Sample Pressure
 
 
PD = 20 psig
PD = 40 psig
PD = 60 psig
PD = 72.5 psig
Figure C.2: Fox Valve eductor sample flow rate as a function of sample pressure at
various diver pressures.




























Figure C.3: Line comparison for the LII in suite 1. Overall the LII in suite 1 showed
a 13.0% difference between the two lines.
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Figure C.4: Line comparison for the LII in suite 2. Overall the LII in suite 2 showed
a 10.8% difference between the two lines.




























Figure C.5: Line comparison for the MSS in suite 1. Overall the MSS in suite 1
showed a 13.2% difference between the two lines.
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Figure C.6: Line comparison for the MSS in suite 2. Overall the MSS in suite 2
showed a 10.5% difference between the two lines.




























Figure C.7: Line comparison for the DMS (mass) in suite 1. The DMS was switched
in and out opposite of the MAAP. Overall the DMS in suite 1 showed a
18.8% difference between the two lines.
97




























Figure C.8: Line comparison for the DMS (mass) in suite 2. Overall the DMS in
suite 2 showed a 9.0% difference between the two lines.




























Figure C.9: Line comparison for the MAAP in suite 1. The MAAP was switched
in and out opposite of the DMS in suite 1 and only had test points for
the CFM56-7B. For the CFM56-7B engines it showed a 15.8% difference
between the two lines.
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Figure C.10: Line comparison for the AVL in suite 1. Overall the AVL in suite 1
showed a 25.8% difference between the two lines.






























Figure C.11: Line comparison for the DMS (number) in suite 1. Overall the DMS in
suite 1 showed a 29.3% difference between the two lines.
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Figure C.12: Line comparison for the DMS (number) in suite 2. Overall the DMS in
suite 2 showed a 3.7% difference between the two lines.






























Figure C.13: CPC Cutoff Size 10 nm. TSI 3772.
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Figure C.14: CPC Cutoff Size 2.5 nm. TSI 3788.


































Figure C.15: MSS comparison with catalytic stripper inserted before instruments on
Suite 2.
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Figure C.16: DMS mass comparison with catalytic stripper inserted before instru-
ments on Suite 2.






























Figure C.17: AVL APC to TSI 3788 number comparison with catalytic stripper in-
serted before instruments on Suite 2.
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Figure C.18: AVL APC to TSI 3790 number comparison with catalytic stripper in-
serted before instruments on Suite 2.
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